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1.  APPLICATIONS  AND  BACKGROUND 

Transparent  conductive  electrode  technology  has  long  been  desired  in  a  great  variety  of 
applications,  such  as  light-emitting  diode  (LED),  solar  cells,  transparent  smart  skins,  invisible 
electronics  and  antennas,  and  embedded  sensing  and  imaging.  Particularly,  transparent  electrodes 
in  IR  spectrum  region  can  be  integrated  with  IR  sensors  and  focal  plane  array  (FPA)  to  provide 
multi-functionalities  such  as  transparent  electrical  interconnects  for  on-chip  signal  processing 
and  tunable  filters  for  pixel-wise  embedded  spectral  analysis.  Such  integrated  functionalities 
would  not  only  enhance  the  pixel- level  sensing  and  processing  capabilities  (smart  pixel),  but  also 
greatly  reduce  the  communication  traffic  loads  between  the  image  sensors  and  the  subsequent 
image  processing  electronics.  This  would  enable  high-throughput  IR  sensing  and  target  detection 
with  enhanced  characterization  and  discrimination  capabilities. 

The  state-of-the-art  transparent  conductive  electrode  technology  is  based  on  indium  tin  oxide 
(ITO)  [1-4].  While  the  ITO  based  transparent  conductive  electrodes  are  extensively  used  in  LCD 
display,  solar  cells  and  LEDs,  there  are  a  few  issues  related  to  the  ITO  technology.  One  is  that 
ITO  has  poor  mechanical  flexibility  and  is  brittle.  The  other  is  that  high  quality  ITO  films  can 
only  be  obtained  at  substrate  temperature  over  300  °C.  Depositing  ITO  films  at  low  substrate 
temperatures  (below  300  °C)  results  in  opaque  films  with  high  sheet  resistance  (>  500  Ohms/sq) 
[2],  The  poor  mechanical  flexibility  and  high  substrate  temperature  requirement  seriously  limit 
its  applications  in  flexible  devices,  such  as  flexible  display,  organic  solar  cell,  and  smart  skin 
technology.  In  addition,  ITO  is  transparent  only  at  visible  region.  It  is  highly  absorptive  at 
middle  infrared  (MIR,  3-5pm)  and  longwave  infrared  (LWIR,  8- 12pm)  regions,  and  are  thus  not 
suitable  for  applications  in  MIR  and  LWIR  spectral  region. 

Carbon  nanotubes  (CNT)  [5-9],  as  a  new  material  with  exceptional  aspect  ratio  and  great 
mechanical  flexibility,  have  shown  excellent  thermal  conductivity  and  extremely  high  field- 
effect  mobility  of  over  100,000  cm2/Vs  [6-9].  Carbon  nanotubes  (CNT),  a  novel  material  with 
great  mechanical  flexibility,  have  shown  excellent  thermal  conductivity  and  extremely  high 
field-effect  mobility.  Our  recent  results  indicate  that  high-quality  CNT  thin-film  also  has  low 
sheet  resistance  and  high  transmission  over  a  broadband  spectral  region  from  visible  (400  nm) 
through  longwave  infrared  (-12  pm).  Such  broadband  transparent  and  conductive  properties 
together  with  its  excellent  mechanical  flexibility  make  the  CNT  film  a  promising  candidate  for 
transparent  conductive  electrodes  that  can  be  used  for  broad-area  of  applications,  including  light- 
emitting  diode  (LED),  solar  cells,  transparent  smart  skins,  transparent  electronics  and  antennas 
for  embedded  sensing  and  imaging. 

Despite  the  promising  characteristics  of  the  CNT  transparent  conductive  film,  electrical 
parameters  of  the  CNT  film,  such  as  work  function  and  contact  resistance  on  different 
semiconductor  surfaces  such  as  Si,  GaAs  and  InP,  are  not  available.  Such  parameters  are  critical 
in  achieving  good  Ohmic  contact  on  these  semiconductor  surfaces.  Also  highly  desired  is  to 
evaluate  the  reliabilities  of  the  CNT  film  and  develop  reliability  enhancement  techniques, 
especially  for  space  applications.  The  goal  of  this  research  is  to  specifically  address  these  issues. 
The  objectives  of  the  AFOSR  research  program  proposed  research  are  to: 

(1)  Obtain  electrical  parameters  of  the  CNT  film,  including  work  function  and  contact 
resistance  of  the  CNT  film  on  different  semiconductors. 

(2)  Develop  effective  doping  and  transmission  spectrum  window  tuning  and  engineering 
techniques. 
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(3)  Evaluate  reliability  of  the  CNT  film  and  develop  reliability  enhancement  techniques. 

In  the  AFOSR  research,  we  have  performed  the  following  three  research  tasks,  plus  a  report  task: 

•  Task  1:  Obtain  detailed  electrical  and  spectrum  parameters  of  the  CNT  film 

•  Task  2:  Develop  effective  doping  and  transmission  spectrum  window  tuning  and 

engineering  techniques 

•  Task  3:  Evaluate  reliability  of  the  CNT  film  and  develop  reliability  enhancement 

techniques 

•  Task  4:  Reporting 


2.  DETILED  RESEARCH  REPORT 

2.1  Took  SEM  image  and  measured  the  IR- transmission  spectrum  of  the  CNT  film 

Fig.  1  (a)  shows  the  SEM  image  and  the  IR-transmission  spectrum  of  the  CNT  film  (pink 
curve),  respectively.  The  IR-transmission  spectrum  ITO  film  is  also  shown  in  Fig.  1(b)  (blue 
curve)  for  comparison.  The  CNT  film  shows  a  high  transmission  of  >  95%  from  7pm  to  10pm 
and  from  11pm  to  12pm  and  a  low  sheet  resistance  of  2000/ sq.  Our  measurement  results  are 
consistent  with  published  results  [10-11].  Such  good  transmission  in  IR  region  and  low  resistance 
provide  an  unprecedented  opportunity  to  achieve  IR  transparent  conductive  electrode. 


Wavelength  (um) 


Figure  1.  (a)  SEM  image  and  (b),  IR-transmission  spectrum  of  the  CNT  film  (pink  curve),  and 
transmission  spectrum  of  an  ITO  film  (blue  curve).  The  CNT  film  shows  a  high  transmission  of 
>  95%  from  7pm  to  10pm  and  from  1 1pm  to  12pm  and  a  low  sheet  resistance  of  200Q/sq. 

To  compare  the  conductivity  of  the  CNT  film  with  that  of  an  ITO  film,  three  points  on  the 
ITO  glass  were  randomly  chosen  and  the  resistances  between  these  points  were  measured  to  be 
Rab  =  0.32k  Q,  and  Rbc  =  0.30  k  Q,  respectively.  This  is  shown  in  Fig.  2(a).  Then  these  points 
are  isolated  by  etching  away  the  ITO  within  the  0.5  inch-wide  stripes  between  theses  points,  as 
shown  in  Fig.  3(b).  The  PI  then  coated  the  0.5  inch-wide  stripes  with  CNT  films  (Fig.  2(b))  and 
re-measured  the  resistances  between  these  points  to  be  Rab  =  l-3k  Q,  and  Rbc  =  1.1  k  Q, 
respectively.  The  transmissions  of  the  CNT  films  were  confirmed  to  be  over  95%  over  the  visible 
spectrum  by  a  PerkinElmer  UV-VIS  absorption  spectrometer.  This  experiment  demonstrated  that 
the  CNT  film  is  promising  for  transparent  conductive  electrode. 
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Figure  2.  (a)  Resistances  between  randomly  chosen  points  on  an  ITO  glass;  (b)  Etching  away 
ITO  stripes,  recoated  with  CNT  films,  and  re-measured  the  resistances  between  the  pre-chosen 
points. 


2.2  Determined  the  work  function  the  CNT  film 


In  this  research  period,  we  have  performed  research  to  determined  the  work  function  of  CNT 
film  to.  The  schematic  of  the  proposed  measurement  setup  is  shown  in  Fig.  3(a). 


Figure  3,  (a)  Schematic  setup  for  the  CNT  work  function  measurement;  (b)  Expected  I-V  curve 
of  the  CNT-metal  Schottky  barrier;  (c),  Band  diagrams  of  Aluminum  and  the  p-type  doped  CNT 
film;  (d)  -  (f),  The  band  diagrams  of  the  Al-CNT  film  Schottky  barrier  at  zero-bias,  forward  and 
reverse  bias,  respectively. 
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The  setup  is  to  measure  the  I-V  curve  of  the  Schottky  barrier  formed  between  aluminum(Al) 
with  known  work  function  ®s  =  4.3eV  and  the  CNT  film.  From  the  I-V  curve  (Fig.  3(b)),  we 
measured  the  threshold  voltage  of  the  Schottky  barrier  Vo,  which  is  related  to  the  work  function 
of  the  metal  and  that  of  the  CNT  film  by: 

9V0=«(©aw.-©J,  (1) 

The  work  function  of  the  CNT  film  can  thus  be  obtained  by: 

^CNT  =  ^0  ’  (2) 

The  I-V  characteristic  of  the  CNT-metal  Schottky  diode  is  shown  in  Fig.  4.  The  turn-on 
voltage  of  the  CNT-metal  Schottky  diode  is  determined  to  be  0.5V.  The  Fermi  level  of  the  CNT 
film  is  thus  determined  to  be  4.8eV,  which  is  0.3eV  high  than  the  single  CNT.  This  high  Fermi- 
level  is  possibly  due  to  the  electro-withdrawing  function  groups  that  make  it  harder  to  take  an 
electron  away  from  the  CNF  film  and  thus  increase  the  Fermi  level  of  the  CNT  film. 


Voltage  (V) 

Figure  4.  I-V  Characteristics  of  the  CNT-metal  Schottky  barrier.  The  CNT-metal  Schottky  diode 
turns  on  at  ~  0.5  V.  The  Fermi-level  of  the  CNF  film  is  determined  to  be  ~  4.8eV. 

2.3  Determined  the  contact  resistance  and  the  mobility  of  the  CNT  film 

Fig.  5  shows  the  I-V  curve  of  CNT  film.  The  sample  has  four  A1  blocks,  the  width  between 
block  1  and  2  is  about  3  mm,  between  2  and  3  is  about  9mm,  between  3  and  4  is  about  3  mm. 
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From  Fig.  5,  the  resistance  between  2  and  4  is  determined  to  be  596Q,  and  the  resistance 
between  3  and  4  is  determined  to  be  15Q.  The  resistance  between  2-4  R24  can  be  written  as: 

^2  1  =  4 +  ^2-3  +  ^3-4’  (3) 

where,  R34  is  the  resistance  between  3  and  4,  and  Rcont  is  the  contact  resistance,  which  is  therefore 
determined  to  be  134  Q. 

The  current  density  can  be  written  as: 

J  -<jE  -  ejunE ,  (4) 

where,  n  is  the  density  of  the  carriers,  e  is  the  charge  of  an  electron,  and  /j,  is  the  mobility  of  the 
carriers,  and  E  is  the  electric  field.  Assuming  the  carrier  density  is  1x101 8cm-3,  the  mobility  is 
calculated  to  be  43,000  cm2/Vs.  The  high  mobility  indicates  that  the  CNT  film  is  a  good 
conductor. 

2.4  Determined  the  transmission  of  the  CNT  film  and  its  sheet  resistance 

We  investigated  the  CNTs  in  DI  water  solution.  Fig.  6  shows  the  transmission  spectrum  of 
the  CNT  films.  A  transmission  of  over  40%  were  obtained.  The  sheet  resistances  were  measured 
using  a  four  point  probe  to  be  RSheet  =  146  Q.  Fig.  7  shows  the  transmission  of  CNT  film  at  550 
nm  as  a  function  of  sheet  resistance.  An  around  80%  transmission  at  550nm  can  be  obtained  at  a 
sheet  resistance  value  of  ~  RSheet  =  15  k  Q. 
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Wavelength  (nm) 

Figure  6.  Transmission  spectrum  of  the  CNT  films.  A  transmission  of  over  40%  were  obtained 
at  a  sheet  resistance  value  of  146  Q.  . 


Figure  7,  Transmission  of  CNT  film  at  550nm  as  a  function  of  sheet  resistance. 
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2.5  Investigated  the  doping  of  different  chemical  function  groups  and  their  effects  on  the 
work  function  of  CNTs 

We  have  investigated  the  doping  of  different  chemical  function  groups  and  their  effects  on  the 
work  function  of  CNTs  by  measuring  the  I-V  characteristics  of  four  different  CNT  solutions 
with  chemical  function  groups  as  listed  in  Table  1. 


Table  1,  CNT  solutions  under  test 


CNT  No. 

Description  of  the  CNT 

Symbol 

1 

Dispersed  SWNTs  90wt%  l-2nmCNT  Concentration: 

3g/L  Surfactant:  PVP  Solvent:  DI  water 

CNT 

3 

Dispersed  Short  SWNTs  90wt%  l-2nm  OH  CNT 
Concentration:  3g/L  Surfactant:  PVP  Solvent:  Ethanol 

CNT-OH 

4 

Dispersed  SWNTs  90wt%  l-2nm  COOH  CNT 
Concentration:  3g/L  Surfactant:  PVP  Solvent:  DI  water 

CNT-COOH 

Fig.  8  shows  the  schematic  setup  of  the  I-V  characteristic  measurement. 


By  measuring  the  turn-on  voltage  of  the  I-V  curves,  the  Schottky  barrier  between  the  metal 
and  the  CNT  can  be  obtained.  The  simplified  energy  band  diagrams  of  the  CNT  and  metal 
interface  before  and  after  the  contact  are  shown  in  Fig.  8  (a)  and  (b),  respectively. 
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Figure  9.  Simplified  energy  band  diagrams  of  the  CNT  and  metal  interface:  (a)  before  contact; 
(b)  after  contact.  A  barrier  VO  is  formed  between  the  interface. 

The  measured  I-V  curves  for  CNT  and  CNT-OH  are  shown  in  Fig.  10.  The  inset  shows  the 
band  diagram,  respectively. 


Figure  10,  Measured  I-V  curves  for  CNT  and  CNT-OH.  The  inset  shows  the  band  diagram. 

The  CNT-OH  shows  a  lower  current  at  the  same  bias  voltage  as  compared  with  the 
CNT.  This  indicates  that  CNT-OH  has  a  higher  barrier  at  the  Au  interface.  This  indicates  that 
the  -OH  chemical  function  gives  N-type  doping.  This  consists  with  the  electron-donation 
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property  of  the  -OH  chemical  function  group.  Table  2  shows  different  chemical  function  groups 
for  electron- withdrawing  and  electron-donating. 


Table  2,  Electron-withdrawing  and  electron-donating  chemical  function  groups 


Electron-withdrawing  function  groups 

Electron-donating  function  groups 

-COOR,  -COOH,  -COR,  -CHO,  -N02,  -CN 

-F,  -Cl,  -BR,  -I,  -CF3  (where,  R  represents  the 

group  -CH3) 

-OH,  -nh2,  -nr2,  -sh,  -cr3,  -OR 

(where,  R  represents  the  group  -CH3) 

From  Table  2,  the  -COOH  function  group  is  an  electron- withdrawing  chemical  function 
group.  It  is  predicated  that  the  -COOH  function  would  move  the  Femi-level  down  and  thus 
reduce  the  barrier  between  the  metal  and  CNT  interface.  This  is  actually  confirmed  by  our 
experimental  results.  Fig.  11  shows  the  I-V  characteristic  of  the  -COOH  functionalized  CNT 
film. 


Figure  11,  Measured  I-V  curves  for  CNT-COOH.  The  inset  shows  the  band  diagram. 

The  current  is  in  the  mA  region.  This  is  much  larger  that  the  currents  of  the  CNT  and  the 
CNT-OH,  which  are  both  in  the  pA  range.  In  addition,  due  to  the  electron-withdraw  effect,  the 
Fermi  level  is  moved  down  and  thus  make  the  contact  between  the  metal  and  the  CNT  become 
Ohmic  contact. 
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This  indicates  that  by  functionalize  the  CNT  with  electron-donation  or  withdrawing 
chemical  function  groups,  effective  Fermi-level  tuning  can  be  achieved.  Such  Femi-level  tuning 
can  be  used  to  change  the  barrier  of  the  CNT  and  metal  interface  and  make  it  either  Ohmic 
contact  or  Schottky  barrier. 

2.6  Measured  the  CNT  performance  under  different  chemicals 

We  investigated  the  CNT  film  under  the  pressure  of  different  chemicals.  Fig.  12  shows 
current  conduction  of  the  CNT  film  in  a  small  chamber  with  Alcohol  (CH3CH2-OH)  at  different 
time  intervals  after  it  is  put  into  the  Alcohol  chamber.  From  Fig.  12,  one  can  see  that  at  the 
beginning,  the  conductivity  jump  to  a  high  level  ( the  green  curve,  lmin).  After  that,  we  test  the 
I-V  curve  every  1  minute.  From  the  following  8  minutes,  the  conductivity  drop  down  gradually, 
but  still  higher  than  without  Alcohol.  This  indicates  that  the  Alcohol  functions  as  an  effective  n- 
doping  and  increases  the  conductivity  of  the  CNT  film. 


Figure  12,  Current  conduction  of  the  CNT  film  in  a  small  chamber  with  Alcohol  (CH3CH2-OH) 
at  different  time  intervals  after  the  CNT  film  is  put  into  the  Alcohol  chamber. 

To  check  whether  the  conductivity  of  the  CNT  film  can  be  restored  to  the  original  values,  we, 
take  out  the  CNT  film  from  the  chamber.  We  test  the  I-V  curves  after  the  Alcohol  is  gradually 
evaporated.  Fig.  13  shows  the  I-V  curves  at  different  time  intervals  after  the  CNT  film  is  taken 
out  of  the  Alcohol  chamber.  From  Fig.  13,  the  solid  blue  line  stands  for  before  we  put  the  sensor 
into  the  chamber,  the  solid  green,  red  and  aqua  lines  are  the  status  inside  the  chamber,  while  the 
following  three  is  status  outside  the  chamber.  We  can  see  that  after  take  out  from  the  chamber, 
the  conductivity  drop  back,  even  lower  than  without  the  Alcohol,  which  indicate  that  the  Alcohol 
may  dilute  the  CNT  solution,  which  directly  lower  the  CNT  density. 
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Bias  Voltage  (V) 

Figure  13, 1- V  curves  at  different  time  intervals  after  the  CNT  film  is  taken  out  of  the  Alcohol 
chamber. 


Bias  Voltage  (V) 

Figure  14, 1-V  curves  before  the  CNT  film  is  put  into  the  water  chamber  and  after  it  is  taken  out 
of  the  water  chamber. 
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We  also  tested  the  CNT  film  under  the  pressure  of  water  (H2O).  Fig.  14  shows  the  I-V  curves 
before  the  CNT  film  is  put  into  the  water  chamber  and  after  it  is  taken  out  of  the  water  chamber. 
From  Fig.  14,  one  can  see  that  the  conductivity  of  the  CNT  film  is  low  when  it  is  inside  the  water 
chamber.  After  it  is  taken  out  of  the  water  chamber,  the  conductivity  goes  up.  This  indicates  that 
H20  will  not  function  as  an  effective  doping  for  the  CNT  film  and  the  H20  dilutes  the  CNT  and 
thus  reduces  the  conductivity  of  the  CNT  film.  Since  the  H20  molecules  are  small,  the 
conductivity  restores  when  the  H20  molecules  are  removed  from  the  CNT  film. 

2.7  Measured  the  CNT  performance  under  different  temperatures 

We  also  tested  the  CNT  film  under  the  pressure  of  different  temperatures.  Fig.  15  shows  the 
conductivity  of  the  CNT  film  under  different  temperatures  varying  from  room  temperature  20  °C 
to  100  °C.  The  conductivity  increases  slightly  with  the  sample  temperature.  This  show  the 
temperature  stability  of  the  CNT  film. 


x  10'® 


Figure  15,  I-V  curves  of  the  CNT  film  under  different  temperatures  varying  from  room 
temperature  20  °C  to  100  °C. 

2.8  Designed  a  MEMS  based  comb  filter  with  integrated  LWIR  photodetector 

Fig.  16  shows  the  schematic  structure  of  the  MEMS-based  hyper- spectral  QDIP.  By  tuning 
the  bias  of  the  transparent  electrode  coated  on  the  membrane,  the  cavity  length  and 
corresponding  passband  of  the  filter  can  be  changed  accordingly.  The  electrode  on  the  filter 
membrane  is  a  new  transparent  conductive  CNT  thin-film  network.  Since  the  electrode  is 
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transparent,  low  optical  loss  hyper-spectral  IR  sensing  and  imaging  can  be  achieved.  Such 
MEMS-based  hyper-spectral  QDIP  would  also  enable  quick  spectral  scan  of  IR  characteristics  of 
chemical  and  biological  materials. 


MIR/LWIR  Incidence 


Figure  16,  Schematic  structure  of  the  hyper-spectral  IR  Photodetector  with  integrated  tunable 
filter. 


The  free  spectral  range  (FSR)  of  the  cavity,  can  be  written  as: 


FSR  = 


A2 

2  nL  ’ 


(5) 


where,  X  is  the  central  wavelength,  n  is  the  refractive  index  of  the  material  inside  the  cavity  and 
L  is  the  cavity  length.  From  Eq.  (5),  by  setting,  the  cavity  length  of  8pm,  a  FSR  of  8  pm  at 
central  wavelength  of  8  pm  can  be  achieved. 

The  spectral  width  AX  of  the  cavity  can  be  written  as: 


A/l  = 


FSR 

F 


FSR(l-R) 


7TR 


1/2 


(6) 


where,  R  is  the  reflection  coefficient.  From  Eq.  (6),  to  achieve  a  narrow  bandwidth  of  20nm,  a 
high  reflection  of  R  ~  0.01  is  needed.  However,  this  is  hard  to  obtain  using  conventional  SiN 
based  membranes.  To  enhance  the  spectral  resolution,  a  double  F-P  cavity  is  design  to  for  a 
comb  filter.  Fig.  17  shows  the  schematic  structure  of  the  double  cavity  comb  filter.  The  two 
cavities  are  intentionally  designed  to  be  offset  for  the  desired  passband.  By  voltage-tuning  the 
cavity  length,  the  passband  can  be  swiped  across  the  whole  LWIR  spectrum.  We  used  the 
transmission  matrix  to  model  the  performance  of  the  double  cavity  comb  filter.  Fig.  18  shows  the 
calculated  transmission  spectrum  of  the  coupled  cavity  comb  filter.  By  individually  tuning  the 
transmission  spectrum  of  each  cavity,  a  narrow  overall  passband  can  be  obtained.  The  passband 
can  be  swiped  across  the  whole  8-12  pm  band. 
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LWIR  Incidence 


Figure  18,  Simulated  transmission  spectrum  of  the  double  cavity  comb  filter. 

2.8  Analyze  the  linearity  of  the  all-printed  transistors 

Fig.  19  shows  the  source-drain  I-V  characteristics  (Id  vs.  Vds)  of  the  SWCNT-FET  at 
different  gate  voltages  (Vg)  from  -2.0V  to  +2.0V.  At  a  gate  bias  of  0  V,  a  turn-on  voltage  of  1.0 
V  is  observed,  indicating  Schottky  barriers  formed  between  the  CNT  and  the  source  (S)  and 
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drain  (D)  electrodes.  At  the  gate  biases  of  1.0  V  and  2.0  V,  a  larger  turn-on  voltages  of  1.3  V  and 
1.4  V  are  measured,  respectively.  This  reflects  that  the  SWCNT  band-bending  can  be  tuned  by 
the  gate  bias,  which  changes  the  Schottky  barriers  and  leads  to  the  turn-on  voltage  variations.  At 
a  gate  bias  of  -1.0  V,  a  nearly  linear  I-V  curve  is  obtained,  indicating  the  transition  from 
Schottky  barrier  to  Ohmic  contact  at  the  SWCNT  and  the  S  and  D  electrode  interfaces. 


0  0.5  1.0  1.5  2.0  2.5 


Source  and  drain  voltage  VDS  (V) 

Figure  19,  Measured  Ids  v.s.  Vds  at  different  gate  voltages. 

Fig.  20  show  the  drain  current  the  Id  v.s.  Vg  curve  at  the  source-drain  voltages  Vds  of  -0.3  V. 
As  the  gate  voltage  Vg  increases  from  -2.0  V  to  +2.0  V,  the  drain  current  voltages  Id  decreases 
from  5.3xl0~6  (A)  to  5.4x1 0'9  (A).  If  one  defines  ON  and  OFF  states  to  be  the  maximum  and 
minimum  steady  drain  currents  Id,  respectively,  a  high  ON/OFF  ratio  of  ~  103  is  obtained  with  a 
low  gate  voltage  tuning  from  -2.0  V  to  +2.0  V. 

Since  metallic  CNTs  are  conducting  materials  that  are  not  affected  by  the  gate  field  effect, 
the  low  drain  current  Id  at  the  OFF  state  and  the  effective  gate  control  of  the  SWCNT  channel 
indicate  that  the  concentration  of  the  metallic  CNT  is  low  in  the  SWCNT-FET  and  the  SWCNT 
is  primarily  semiconducting  CNT. 
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Gate  voltage  VG  (V) 


Figure  20.  Drain  current  Id  v.s.  Vg  curves  at  the  source-drain  voltage  Vds  of  -0.3V.  A  high 

ON/OFF  ratio  of  ~  103  is  obtained. 


Fig.  21  shows  the  logarithmic  plots  of  the  Id  v.s.  Vg  curves  in  this  region.  Linear  dependence 
of  natural  logarithm  of  the  drain  current  ln(lD)  on  the  gate  voltage  Vg  is  obtained  in  this  region, 
indicating  exponential  dependence  of  the  drain  current  Id  on  the  gate  voltage  Vg-  This  is  similar 
to  a  conventional  MOSFET  in  the  subthreshold  region  [12].  The  subthreshold  slopes  are 
calculated  to  be  2.1  V/decade,  5.2  V/decade,  and  10.3  V/decade  at  the  drain  voltages  of  1.0  V, 
1.5  V,  and  2.0  V,  respectively.  The  subthreshold  1-V  characteristics  of  an  ideal  CNT  FET  can  be 
expressed  as  [13]: 


r  4  ekT 

ID  =— —  exp 
h 


e(VG-VT) 


kT 


(7) 


where,  e  is  the  charge  of  an  electron,  h  is  the  Planck's  constant,  k  is  the  Boltzmann's  constant, 
and  Vt  is  the  threshold  voltage.  Eq.  (1)  shows  that  below  threshold  the  drain  current  Id  has  an 
exponential  dependence  on  Vg  -Vt  at  a  rate  of  kT/e  =  26  mV  at  room  temperature  T=300  K. 
However,  the  printed  SWCNT  FET  shows  a  lower  exponential  dependence  rate  of  0.9  V,  2.2  V 
and  4.5  V,  at  the  drain  voltages  of  1.0  V,  1.5  V,  and  2.0  V,  respectively.  The  lower  subthreshold 
slope  was  also  reported  [14],  This  indicates  that  the  gate  bias  has  a  less  effective  control  of  the 
drain  current  Id  than  the  ideal  CNT  FET.  The  linearity  of  the  all  printed  flexible  SWCNT  FET  is 
promising  for  the  flexible  phase  array  antenna  application. 
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Gate  voltage  VG  (V) 

Figure  21.  Logarithmic  plots  of  the  Id  v.s.  Vg  curves  in  the  region  III  of  Fig.  20.  The  dashed 
lines  indicated  linear  dependence  of  natural  logarithm  of  the  drain  current  ln(lD)  on  the  gate 
voltage  Vg- 

2.9  Evaluate  reliability  of  the  CNT  film  and  develop  reliability  enhancement  techniques 

The  interfacial  stability  depends  on  the  strength  of  the  interfacial  forces  on  different  surfaces. 
Most  of  the  interfacial  forces  are  van  der  Waals  interactions,  which  can  be  over  10  N/cm2  in  the 
normal  direction  and  about  8  N/cm2  in  the  shear  direction  [15].  The  interfacial  adhesion  property 
is  characterized  by  the  interfacial  work  of  adhesion  using  a  cantilever  test  [15].  The  schematic  of 
the  cantilever  test  is  shown  in  Fig.  22.  The  CNT  film  is  deposited  on  a  Si  cantilever.  The 
cantilever  is  then  be  adhered  onto  another  Si  cantilever.  The  Si  cantilever  will  then  be  pulled 
apart  from  one  end  in  the  direction  perpendicular  to  the  adhesion  plane  until  it  completely 
separated  from  the  target  surface.  An  optical  mini-loading  test  platform  is  used  to  continuously 
monitor  the  adhesion  force  and  displacement  during  this  process.  To  make  sure  it  is  quasistatic, 
the  pulling  process  will  be  made  sufficiently  slow.  The  total  adhesion  work  is  the  total  external 
work,  which  can  be  calculated  from  the  force  and  displacement  integral,  i.  e.: 

$nt erfacial  =  j^(z)dZ  ,  (8) 

Where,  F(z)  is  the  force  applied  on  the  cantilevers,  and  dz  is  the  displacement  of  the  cantilevers. 
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Figure  22,  Schematic  of  the  interfacial  work  of  adhesion  measurement 


Since  the  interfacial  forces  are  mostly  van  der  Waals  interactions,  the  surface  adhesion  can 
be  effectively  enhanced  by  strengthen  the  van  der  Waals  interactions.  One  way  is  to  introduce 
interfacial  hydrogen  by  attaching  chemical  function  groups  as  -OH,  -NH2,  and  -F  to  the 
backbones  of  the  CNT.  In  this  task,  we  will  exam  the  interfacial  work  of  adhesion  on  different 
surfaces  and  exam  the  interfacial  adhesion  work  enhancement  by  introducing  different  chemical 
function  groups. 

Fig.  23  shows  the  CNT  film  adhesion  with  different  chemical  function  groups.  The  CNT 
films  show  excellent  adhesion.  This  can  be  attributed  to  the  high  density  CNT  networks. 


2  4  6  S  10  12 

Area  of  the  CNT  film  (mm2) 

Figure  23.  Adhesion  the  CNT  films  with  different  chemical  function  groups.  The  CNT  films 
show  excellent  adhesion.  This  can  be  attributed  to  the  high  density  CNT  networks. 
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Electromigration  of  atoms  happens  when  atoms  are  displaced  as  a  result  of  direct  momentum 
exchange  from  the  moving  electrons  at  the  applied  electric  field.  Electromigration  is  a  critical 
property  for  many  interconnect  materials,  such  as  Al,  Cu,  W,  Ag  and  silicides  [18]. 
Electromigration  will  cause  current-induced  mass  transport,  which  when  combined  with  any 
divergence  in  mass  flux,  may  cause  partial  removal  of  material  from  one  location  and  buildup  of 
material  in  other  locations.  This  would  result  in  an  open  circuit.  The  higher  the  current  density, 
the  worse  the  electromigration  effect  will  be. 

The  electromigration  effect  for  different  CNT  film  thickness  and  current  density  levels  have 
been  investigated.  The  CNT  circuit  properties,  including  contact  resistance,  the  open  circuits 
rate,  didn’t  change  at  high  and  current  density  levels.  This  is  attributed  to  the  CNT  film’s  ultra- 
large  current  carrying  capability  of  ~  10  A/cm  .  This  shows  that  the  CNT  film  are  excellent 
conductive  material.  The  Detailed  tests  are: 
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